The extracellular matrix is a dynamic and active component of the mesenchymal stem cell niche, which controls their differentiation and self-renewal. Traditional in vitro culture systems are not able to mimic matrix-cell interactions due to the small amount of extracellular matrix present. Macromolecular crowding, a biophysical phenomenon based on the excluded-volume effect, dramatically accelerates and increases tissue-specific extracellular matrix deposition during in vitro culture. Herein, the influence of macromolecular crowding in pre-condition and tri-lineage differentiation of human bone marrow mesenchymal stem cells was investigated. Carrageenan, a sulphated polysaccharide, enhanced chondrogenesis, as evidenced by increased collagen type II and chondroitin sulphate deposition and unaffected Sox-9 expression. Osteogenesis was also enhanced when carrageenan was used only in the differentiation phase, as evidenced by increased mineralisation, collagen type I deposition and osteopontin expression. Adipogenesis was not enhanced in the presence of carrageenan, suggesting that the chemistry of the crowder may affect stem-cell-lineage commitment. In conclusion, carrageenan, a sulphated polysaccharide, enhanced extracellular matrix deposition and promoted chondrogenesis and osteogenesis but not adipogenesis in human bone marrow mesenchymal stem cell cultures.
Introduction
In vivo, the fate of mesenchymal stem cells is controlled by a reciprocal interaction with the surrounding extracellular matrix (ECM). The ECM regulates several cell functions, including attachment, shape, migration and differentiation (Ahmed and Ffrench-Constant, 2016; Gattazzo et al., 2014; Guilak et al., 2009; Kim et al., 2011) and, in response to these signals, cells appropriately remodel the surrounding matrix (Hoshiba et al., 2009; Hoshiba et al., 2010) . ECM remodelling that accompanies cell differentiation directly controls stem cell behaviour and fate (Crane and Cao, 2014; Gattazzo et al., 2014; Lu et al., 2011) . In vitro, the ECM also controls cell functions and triggers cell differentiation, even in the absence of exogenous inducing factors Rao Pattabhi et al., 2014; Tang et al., 2013; Thibault et al., 2010; Young et al., 2013) . This is not surprising considering that the ECM presents a multitude of biochemical, biophysical and biological cues in the stem cell niche that modulate their fate and function (Smith and Gerecht, 2018; Watt and Huck, 2013) .
Applications of stem cells sheets are emerging as therapeutic strategies for the treatment of different injuries and pathophysiologies Luo and Chen, 2018; Miyagawa et al., 2017; Pagani et al., 2003; Pellegrini et al., 1997; Sawa et al., 2012) . Bone marrow mesenchymal stem cell (BMSC) sheets have been developed and characterised in vitro (Goldberg et al., 2017; See et al., 2010; Solorio et al., 2012) and assessed in pre-clinical models (Itokazu et al., 2016 ; www.ecmjournal.org Ma et al., 2017; Yano et al., 2013; Zou et al., 2009 ) for a wide range of clinical indications, including fat (Aubin et al., 2015; D'Andrea et al., 2008; Labbe et al., 2011; Vermette et al., 2007) , bone (Geng et al., 2013; Goldberg et al., 2017; Ma et al., 2017; Wang et al., 2017; Zou et al., 2009) and cartilage (Ge et al., 2016; Itokazu et al., 2016; Qi et al., 2014; Solorio et al., 2012; Yano et al., 2013) tissue regeneration. However, due to slow and low level of ECM deposition, prolonged culture time is required to develop a scaffold-free implantable device [e.g. 14-21 d for corneal epithelium (Tsai et al., 2000) , 25-50 d for skin (Cantin-Warren et al., 2018) , 196 d for blood vessel (L'Heureux et al., 2006) ], which is usually associated with cell phenotypic drift (Cigognini et al., 2013) . Further, it is generally recognised that in vitro induction is necessary prior to implantation to ensure uniform differentiation and avoid unwanted differentiation, uncontrolled proliferation and senescence Heng et al., 2004; Herberts et al., 2011; Lepperdinger et al., 2008; Trombi et al., 2016; Yorukoglu et al., 2017; Young et al., 2013) . Decellularised stem, permanently differentiated and immortalised cell-derived matrices are traditionally used to either support efficient stem cell expansion or to direct stem cells towards a specific lineage (Cheng et al., 2014; Fitzpatrick and McDevitt, 2015; Harris et al., 2018; Kaukonen et al., 2017; Kusuma et al., 2017) . However, again due to slow and low level of ECM deposition in traditional in vitro systems, among others, cell-ECM interactions and interconnectivity are not mimicked, leading to less and often uncontrollable differentiation/unwanted trans-differentiation (Choi et al., 2012; Huang et al., 2017; Kwon et al., 2013; Marinkovic et al., 2016) .
Macromolecular crowding (MMC) is a bioinspired in vitro technique based on the fact that the extracellular space is a highly crowded milieu, as no individual macromolecule is present at high concentration (Minton, 1997; Minton, 2000) . MMC consists of the addition of inert macromolecules to the culture medium, which, by occupying a substantial part of the available volume (excluding volume effect), accelerate enzymatic reactions (including the rate-limited conversion of pro-collagen to collagen), biological processes and macromolecular associations Minton, 1993) . MMC enhances and accelerates, in general granular (Benny et al., 2015; Lareu et al., 2007b) , ECM deposition in permanently differentiated cell cultures; an up to 120-fold increase in ECM deposition has been documented within 48 h of crowded culture, whilst traditional non-crowded systems require several weeks to months for the development of cell sheets with similar amounts of ECM (Benny et al., 2015; Chen et al., 2009; Kumar et al., 2015a; Kumar et al., 2015b; Lareu et al., 2007a; Lareu et al., 2007b; Magno et al., 2017; Peng et al., 2012; Rashid et al., 2014; Satyam et al., 2014) .
MMC (with polyvinylpyrrolidone 360 kDa) in human BMSC cultures enhances extracellular matrix deposition and cell proliferation (Rashid et al., 2014) . Crowding with Ficoll™ 70 kDa and Ficoll™ 400 kDa cocktail in human BMSC cultures increases ECM deposition, induces supramolecular assembly and prompts ECM and intracellular actin cytoskeleton alignment (Zeiger et al., 2012) . When carrageenan is used in pre-culture but not during differentiation of human BMSCs, ECM deposition and chondrogenic differentiation are increased, adipogenic differentiation is decreased and osteogenic differentiation is not affected (Cigognini et al., 2016) . Decellularised BMSC matrices produced under MMC (with Ficoll™ 70 kDa, Ficoll™ 400 kDa and dextran sulphate 10 kDa cocktail) conditions generate functional stem cell niches able to maintain and expand human haematopoietic stem and progenitor cells in vitro (Prewitz et al., 2015) . When MMC (with Ficoll™ 70 kDa and Ficoll™ 400 kDa cocktail) is used in chemically induced adipogenesis, it significantly enhances the adipogenic differentiation of human BMSCs (Ang et al., 2014) and induces browning in human BMSC-derived white adipocytes (Lee et al., 2016) . However, neither of these studies assessed the influence of MMC on chondrogenic and osteogenic differentiation and MMC pre-conditioning was not used. In human adipose-derived stem cell (ADSC) cultures, osteogenic and adipogenic differentiation are enhanced, whilst chondrogenic differentiation is reduced under MMC (with Ficoll™ 70 kDa and Ficoll™ 400 kDa cocktail) conditions (Patrikoski et al., 2017) . Considering that numerous studies have demonstrated the beneficial effects of various pre-conditioning factors (e.g. oxygen tension, medium supplementation, mechanical or electrical stimulation, far-infrared irradiation, scaffolds) on stem cell function and lineage commitment (George et al., 2017; Li et al., 2017; Licht et al., 2016; Lin et al., 2017; Wu et al., 2016; , the present study ventured to assess the influence of MMC pre-conditioning in human BMSC fate and lineage commitment. Specifically, human BMSCs were cultured in the absence or presence of MMC and, subsequently, differentiated towards chondrogenic, adipogenic and osteogenic lineage, again, in the absence or presence of MMC (Fig. 1 ).
Materials and Methods

Materials
Unless otherwise stated, chemicals and culture media were purchased from Sigma-Aldrich and tissue culture consumables from Sarstedt.
Cell culture
Human BMSCs were isolated from fresh bone marrow (2 male donors, 22 and 23 years old; Lonza) as previously described (Cigognini et al., 2016; Gaspar et al., 2018) . Cells were expanded up to passage 4 in alpha-minimum essential medium (α-MEM) with GlutaMAX™ (Gibco) supplemented with 10 % foetal bovine serum (FBS). Cells at passage 5 were seeded at a density of 5,000 cells/cm 2 . 1 d after seeding, MMC www.ecmjournal.org
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Macromolecular crowding in stem cell culture medium was added (culture medium supplemented with 100 μM L-ascorbic acid 2-phosphate, with or without 100 μg/mL carrageenan). After 2 d of MMC, media were switched to chondrogenic, osteogenic or adipogenic induction media. Adipogenesis was induced through cycles of 3 d of induction [Dulbecco's modified Eagle medium high glucose (DMEM-HG), supplemented with 10 % FBS, 0.2 mM indomethacin, 1 μM dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine (IBMX), 10 μg/ mL insulin, with or without 100 μg/mL carrageenan] and 1 d of maintenance (DMEM-HG, supplemented with 10 % FBS and 10 μg/mL insulin, with or without 100 μg/mL carrageenan). Chondrogenic medium consisted of DMEM-HG, supplemented with 10 ng/ mL transforming growth factor β3 (TGF-β3), 10 μM dexamethasone, 10 % insulin-transferrin-selenium (ITS), 1 % sodium pyruvate, 100 μM ascorbate, with or without 100 μg/mL carrageenan. Osteogenic medium consisted of DMEM low glucose (LG) supplemented with 10 % FBS, 100 μM ascorbate, 10 mM β-glycerophosphate, 100 μM dexamethasone, with or without 100 μg/mL carrageenan. Deposited ECM and lineage-specific phenotypic markers were analysed at day 0 of the various lineage induction (end of the MMC pre-culture; day 3 in total, with 2 d under MMC), at day 7 and 14 for chondrogenic induction, day 8 (2 cycles) and 16 (4 cycles) for adipogenic induction and day 6 and 12 for osteogenic induction. The following abbreviations are used in the manuscript: −/− samples pre-conditioned and differentiated without MMC; −/+ samples preconditioned without MMC and differentiated with MMC; +/− samples pre-conditioned with MMC and differentiated without MMC; +/+ samples preconditioned and differentiated with MMC.
Collagen extraction and gel electrophoresis
To determine the MMC pre-condition period, BMSCs were cultured for 2, 4 and 7 d with and without MMC. Deposited collagen was evaluated through sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and complementary densitometric analysis, as described previously (Capella-Monsonís et al., 2018) . Briefly, collagen was isolated by incubation of the cell layer for 2 h at 37 °C with 0.1 mg/mL porcine gastric mucosa pepsin in 0.05 M acetic acid (ThermoFischer Scientific); samples were digested with 150 μL of pepsin-acetic acid per well (24-well plate). The extracted collagen was neutralised with 1 M NaOH and mixed with loading buffer (4/5 of sample and 1/5 of loading buffer 5×). 15 μL per well were loaded on to the gels. Bovine collagen type I (Symatese Biomateriaux, Chaponost, France) was loaded as control. Electrophoretic run was performed using the Mini-Protean ® 3 electrophoresis system (Bio-Rad Laboratories). The gels were stained using the SilverQuest™ kit (Invitrogen). To quantify the total amount of collagen, densities of collagen α1 and α2 chains were calculated using ImageJ software Cells were cultured with and without MMC and, then, differentiated into adipogenic, chondrogenic and osteogenic lineage with and without MMC. Deposited ECM and phenotypic markers were evaluated at the end of the MMC pre-culture (day 0 of differentiation), at day 8 and 16 of adipogenic induction, at day 7 and 14 of chondrogenic induction and at day 6 and 12 of osteogenic induction. www.ecmjournal.org (NIH) and the sum of the densities of α1 and α2 chains were correlated with the collagen standard.
Cell metabolic activity alamarBlue ® assay (BioSource International, Invitrogen) was used to evaluate cell metabolic activity. Cells were incubated with alamarBlue ® solution [10 % alamarBlue ® in Hanks' balanced salt solution (HBSS)] for 4 h at 37 °C and absorbances at 550 nm and 595 nm were measured using a Varioskan Flash spectral scanning multimode reader (ThermoFischer Scientific). Percent variations of alamarBlue ® reduced as compared to controls (non MMC conditions) were calculated.
Cell viability
Samples were washed with PBS and cell viability was evaluated using the Live/Dead ® viability kit (Invitrogen). Fluorescence images were acquired using an Olympus IX81 inverted fluorescence microscope.
Enzyme-linked immunosorbent assay (ELISA)
C e l l l a ye r s , h a r ve s t e d a n d l y s e d u s i n g radioimmunoprecipitation assay (RIPA) lysis buffer, were diluted 10 times in PBS. Acid activation of latent TGF-β1 was performed by addition of 12 μL of 4 M HCl per 250 μL of diluted samples and incubation for 1 h at 4 °C while shaking (Hawinkels et al., 2007; Lawrence et al., 1984) . Before analysis, samples were neutralised by addition of 12 μL of 4 M NaOH. Samples were analysed using the human ELISA VEGF kit (PeproTech) and the TGF beta 1 ELISA Kit, Human (Abcam).
Glycosaminoglycan (GAG) and DNA quantification
Cell layers and culture media were digested for 3 h at 60 °C with 0.1 % crystallised papain in 0.2 M sodium phosphate buffer pH 6.4, containing sodium acetate, ethylenediaminetetraacetic acid (EDTA), disodium salt and cysteine-HCl. For GAG quantification, Blyscan™ Glycosaminoglycan Assay (Biocolor, Carrickfergus, UK) was used. For DNA quantification, samples digested with papain were diluted 10 times in Tris-EDTA (TE) buffer and the Quant-iT™ PicoGreen ® dsDNA Assay Kit was used.
Immunocytochemistry
Cells were fixed with 10 % formalin or with icecold methanol (for intracellular staining). Primary antibodies for collagen type I (ab90395, Abcam), collagen type II (ab185430, Abcam), collagen type IV (ab6586, Abcam), collagen type X (ab49945, Abcam), osteopontin (ab69498, Abcam) and fatty acid binding protein 4 (FABP4, ab92501, Abcam) were incubated overnight at 4 °C in 3 % bovine serum albumin (BSA) in PBS, at a concentration of 1 : 200. Secondary antibodies AlexaFluor488 donkey anti-mouse (A21202, Abcam) and AlexaFluor546 goat anti-rabbit (A11035, Abcam) were incubated for 1 h at room temperature, at a concentration of 1 : 400. Nuclei were counterstained using 4,6-diamidino-2-phenylindole (DAPI, Invitrogen) and images were acquired using an Olympus IX-81 inverted fluorescence microscope. Mean fluorescence intensity per each microscope field (n = 15 per group) was calculated using ImageJ software and normalised for the average mean fluorescence intensity of negative controls (omission of primary antibody). Although the cell metabolic activity was reduced in the presence of MMC at day 4 and 7, the decrease was not statistically significant. After 2 d of culture, no significant differences in (e) TGF-β1 and (f) VEGF concentration in cell layer and medium were observed between crowded and non-crowded counterparts. * indicates statically significant differences.
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Oil red O staining and quantification of uptake Samples were fixed for 10 min with 10 % formalin and stained for 5 min with oil red O solution (oil red O 0.3 % in isopropanol, diluted 3 : 2 in distilled water) at room temperature. Nuclei were counterstained with haematoxylin and images were acquired using an inverted microscope (Leica Microsystems). For quantification of oil red O staining, the dye was extracted pipetting 100 % isopropanol over the surface of the wells. Then, the solution was centrifuged at 500 ×g for 2 min to remove debris and the absorbance was measured at 520 nm using a Varioskan Flash spectral scanning multimode reader (ThermoFisher Scientific).
Western blot
Cells were lysed and proteins were extracted using RIPA lysis buffer, containing cOmplete™ Protease Inhibitor Cocktail, EDTA-free. Protein concentration was quantified using the Pierce™ BCA Protein Assay Kit (ThermoFisher Scientific). 5 μg of protein was loaded on to a 12 % acrylamide gel and separated under reducing conditions (DL-Dithiothreitol 20 % vol/vol in sample buffer). Then, proteins were transferred to a nitrocellulose membrane, blocked with 5 % skim milk in tris-buffered saline-Tween 20 (TBS-T) and incubated overnight at 4 °C with primary antibody for Sox-9 (sc-166505, Santa Cruz Biotechnology) and β-actin (ab8226, Abcam),
Fig. 3. Oil red staining and FABP4 immunocytochemistry analysis during adipogenic induction. (a)
Oil red O staining and (b) complementary quantification uptake showed an increase in lipid droplets as a function of time in culture within each group and revealed that significantly more lipid droplets were accumulated when MMC was not used during the pre-condition and adipogenic differentiation phases (−/−). FABP4 expression, as judged by (c) staining and (d) complementary fluorescence intensity analysis showed a tendency to increase as a function of time in culture within each group. When BMSCs were trypsinised at the end of the pre-condition phase and seeded in new wells for the adipogenic differentiation phase, (e) oil red O staining and (f) complementary quantification uptake revealed that more lipid droplets were accumulated when MMC was not used during the pre-condition and adipogenic differentiation phases (−/−), after day 16 of differentiation. * indicates statically significant difference. Scale bars: 100 μm. www.ecmjournal.org 
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Macromolecular crowding in stem cell culture diluted 1 : 100 and 1 : 5,000, respectively. Secondary antibody goat anti-mouse (31430, ThermoFisher Scientific) conjugated with horseradish peroxidase was incubated for 1 h at room temperature at 1 : 10,000 dilution. Bound antibodies were detected using SuperSignal™ West Pico Chemiluminescent Substrate (ThermoFisher Scientific).
Alizarin red staining
Samples were fixed with ice-cold methanol for 10 min, stained with 0.2 % alizarin red in water for 5 min and washed with water. Images were acquired using an inverted microscope (Leica Microsystems).
Calcium quantification
Samples were digested overnight at 4 °C with 0.5 M HCl. Calcium quantification was performed using the StanBio Calcium Liquicolour™ Kit. Absorbance at 550 nm was measured using the Varioskan Flash spectral scanning multimode reader (ThermoFisher Scientific) and amount of calcium per well was calculated using calcium standards.
Alkaline phosphatase (ALP) activity ALP activity was measured with slight modifications on the protocol described by Thibault et al. (2010) . Briefly, cells were lysed with water (200 μL/well in a 24-well plate) and freeze-thawed at − 80 °C and room temperature twice, to release ALP. 20 μL of the lysate were incubated with 80 μL of 1-Step™ PNPP Substrate Solution (37621, ThermoFisher Scientific) and, after 30 min of incubation at 37 °C, the reaction was stopped by addition of 100 μL 0.05 M NaOH. Absorbance at 405 nm was measured using a Varioskan Flash spectral scanning multimode reader (ThermoFisher Scientific). The amount of p-nitrophenol was calculated using p-nitrophenol standards and units of enzyme were calculated dividing the μmoles of p-nitrophenol produced by the time (min). DNA was quantified using the Quant-iT™ PicoGreen ® dsDNA Assay Kit and units of enzyme were normalised by the amount of DNA.
Statistical analysis
Unless otherwise stated, all experiments were conducted with two biological replicates and three technical replicates (n = 6). Statistical analysis was performed with Minitab version 17, Minitab Inc., USA. When the group distributions were normal (Anderson-Darling normality test) and variances of populations were equal (Bonett's test and Levene's test), one-way analysis of variance (Tukey's post-hoc test; for multiple comparisons) and 2-sample t-test (for pair wise comparisons) were performed. When group distributions were not normal, or variances were not equal, Kruskal-Wallis test was performed and Mann Whitney test was used as post-hoc. Results were considered statistically significant for p < 0.05. Data are presented as mean ± standard deviation (SD).
Results
Optimisation of MMC pre-culture
To optimise the length of MMC pre-conditioning, BMSCs were cultured for 2, 4 and 7 d under MMC and collagen deposition was evaluated by SDS-PAGE (Fig.  2a ) and densitometric analysis (Fig. 2b) . 2 d of MMC significantly (p < 0.001) increased collagen deposition and no significant (p > 0.05) increase was observed between day 2 and day 4 or 7. MMC did not appear to affect cell morphology (Fig. 2c) . Although metabolic activity was not statistically reduced when MMC was used, it appeared to decrease from day 2 to day 4 and 7 ( Fig. 2d) . At day 2, independently of MMC use, sandwich ELISA showed no statistically significant difference (p > 0.05) in acid-activated TGF-β1 (Fig.  2e) between cell layers and culture media, whilst significantly larger (p < 0.001) amounts of vascular endothelial growth factor (VEGF) (Fig. 2f) were detected in culture media, as opposed to cell layers.
Adipogenic induction
Oil red O staining (Fig. 3a) and complementary quantification uptake (Fig. 3b) showed an increase in lipid droplets as a function of time in culture within each group and revealed that significantly more (p < 0.001) lipid droplets were accumulated after 16 d of adipogenic differentiation, independently of whether MMC was used in pre-condition or differentiation phase. FABP4 expression, as judged by immunofluorescent staining (Fig. 3c) and complementary fluorescence intensity analysis (Fig.  3d) , was also increased from day 0 to day 8 or 18 for all groups; the highest expression was detected at day 16 for the −/− group.
When cells were trypsinised at the end of the pre-condition phase and seeded in new wells for the differentiation phase, the highest (p < 0.001) adipogenic potential at day 16, as judged by oil red O staining (Fig. 3e ) and complementary quantification uptake (Fig. 3f) , was observed for the −/− group. I m m u n o c y t o c h e m i s t r y ( F i g . 4 a ) a n d complementary image intensity analysis (Fig. 4b) revealed that the +/+ group exhibited significantly higher (p < 0.001) collagen type I and collagen type IV deposition than the −/− group at day 8 and 16.
Cell viability (Fig. 5a ) was not affected for any of the conditions. Cell metabolic activity (Fig. 5b) was only reduced, albeit not significantly, at day 16 for the +/− group. A reduced DNA content (Fig. 5c ) was observed at day 8 and 16 for the +/− and +/+ groups.
Chondrogenic induction
Immunocytochemistry (Fig. 6a) and complementary image intensity analysis (Fig. 6b) revealed an increased collagen type I, II and X deposition as a function of time in culture for all groups. At day 7 and 14, the −/+, +/− and +/+ groups exhibited significantly higher (p < 0.05) collagen type I and II deposition than the −/− group. A significant increase (p < 0.05) www.ecmjournal.org 
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Macromolecular crowding in stem cell culture in collagen type X deposition was only observed at day 7 and 14 for the +/+ group. I m m u n o c y t o c h e m i s t r y ( F i g . 7 a ) a n d complementary image intensity analysis (Fig. 7b) revealed that the highest (p < 0.001) amount of chondroitin sulphate was deposited at day 14 for the −/+ and +/+ groups. Similar results were obtained when total GAG content per DNA was quantified (Fig. 7c) . Western blot (Fig. 7d ) and densitometric analysis (Fig. 7e ) revealed no differences in Sox-9 expression among the groups at a given time point.
Cell morphology (Fig. 8a) , viability ( Fig. 8b ) and metabolic activity (Fig. 8c) were not affected for any group. With respect to DNA content (Fig. 8d) , a reduction was only observed at day 8 and day 16 for the +/− and +/+ groups.
www.ecmjournal.org
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Osteogenic induction
Gross visual assessment (Fig. 9a) and alizarin red staining (Fig. 9b ) revealed increased mineralised areas and accumulated calcium nodules at day 6 and 12 for the −/+ group and day 6 for the +/+ group (cell detachment prohibited analysis of the +/+ group at day 12). The −/+ group exhibited the highest (p < 0.001) calcium content after 12 d in culture (Fig.  9c) . The −/− and −/+ groups exhibited similar ALP activity at respective time points and the +/+ group exhibited significantly higher ALP activity at day 6 than the +/− group (Fig. 9d) . I m m u n o c y t o c h e m i s t r y ( F i g . 1 0 a ) a n d complementary image intensity analysis (Fig. 10b) revealed that the −/+, +/− and +/+ groups deposited significantly more (p < 0.001) collagen type I than the −/− group. Further, immunocytochemistry (Fig. 10a) and complementary image intensity analysis (Fig.  10b) revealed that osteopontin expression reached its highest value at day 12 in the −/− group, whilst it reached its equal highest value at day 6 in the −/+ group.
When cells were trypsinised at the end of the pre-condition phase and seeded in new wells for the differentiation phase, at day 12, gross visual inspection (Fig. 11a) revealed that the number of cells in the +/− and +/+ groups was significantly (p < 0.001) smaller as compared to the −/− and −/+ groups. The −/− and −/+ groups exhibited significantly (p < 0.001) higher DNA content than the +/− and +/+ groups, whilst no statistically significant difference was observed between the −/− and −/+ and the +/− and +/+ groups (Fig. 11b) . The highest (p < 0.001) calcium content was detected for the +/+ group (Fig. 11c) .
Cell viability (Fig. 12a) , metabolic activity ( Fig.  12b ) and DNA content (Fig. 12c) were not affected for the −/− and −/+ groups. Although cell viability was not affected, a reduction in cell metabolic activity (Fig. 12b ) and DNA content (Fig. 12c) was observed for the +/− and +/+ groups as a function of time in culture due to cell detachment.
Discussion
Whether a stem cell remains multipotent or differentiates into a specific lineage is a result of different signals, whose understanding can potentially improve cell-based tissue engineering therapies. Purified ECM proteins (Ng et al., 2016; Santiago et al., 2009 ) and decellularised matrices derived from tissues (Agmon and Christman, 2016; Bourgine et al., 2013; Swinehart and Badylak, 2016) and cells (Fitzpatrick and McDevitt, 2015) [e.g. permanently differentiated cells (Bourget et al., 2012; Bourget et al., 2017; Kaukonen et al., 2017; Scherzer et al., 2015) , mesenchymal stem cells (Antebi et al., 2015; Cai et al., 2015; Shakouri-Motlagh et al., 2017; Thakkar et al., 2013; Zeitouni et al., 2012) , immortalised cells (Kusuma et al., 2017) and cell lines (Hoshiba and Gong, 2018) ], alone or in combination with a threedimensional scaffold, are potent regulators of cell fate. Considering that, in traditional culture systems, ECM deposition is very slow and MMC significantly increases and accelerates ECM deposition, the present study ventured to assess the influence of MMC in human BMSCs that were cultured in the presence or absence of MMC and, subsequently, differentiated towards chondrogenic, adipogenic and osteogenic lineage, again, in the presence or absence of MMC. Carrageenan (a sulphated polysaccharide) was used as a crowding agent since, due to its inherent polydispersity and negative charge, it most effectively excludes volume, resulting in more ECM deposition Satyam et al., 2014) .
In accordance with previous studies (Benny et al., 2015; Chen et al., 2009; Cigognini et al., 2016; Kumar et al., 2015a; Kumar et al., 2015b; Lareu et al., 2007a; Lareu et al., 2007b; Magno et al., 2017; Peng et al., 2012; Prewitz et al., 2015; Rashid et al., 2014; Satyam et al., 2014; Zeiger et al., 2012) , MMC prior to differentiation resulted in a significant increase in ECM deposition, without affecting cell metabolic activity (between 70 % and 80 % at days 4 and 7) and morphology. TGF-β1 and VEGF are secreted by BMSCs (Burlacu et al., 2013; Kwon et al., 2014; Xie et al., 2017) and are involved in chondrogenic and osteogenic differentiation, respectively. Although ECM binds and presents growth factors in a non-canonical way (Droguett et al., 2006; van der Kraan et al., 2002; Wilgus, 2012) and ECM sheets produced under MMC, compared to standard culture conditions, retain larger amount of VEGF, fibroblast growth factor 2 (FGF-2) and hepatocyte growth factor (HGF) (Prewitz et al., 2015) , a significant increase in growth factor retention was not observed, possibly attributed to the short time point (2 d).
During adipogenic induction, although MMC increased collagen type I and IV, adipogenesis was not increased, as judged by oil red O staining and complementary quantification uptake and FABP4 immunofluorescent staining and complementary fluorescence intensity analysis. Previous studies have demonstrated increased adipogenesis when Ficoll™ (a neutral non-sulphated crowder) is used as MMC agent (Ang et al., 2014; Lee et al., 2016; Patrikoski et al., 2017) . To explain this profound difference in adipogenesis between neutral and negatively charged crowders, one should consider that sulphated polysaccharides, such as fucoidan (Kim et al., 2010) , inhibit adipogenesis through the mitogen-activated protein kinase pathway. Further, carrageenan inhibits insulin signalling (Bhattacharyya et al., 2015; Bhattacharyya et al., 2012) , which is a potent adipogenic hormone (Klemm et al., 2001) . Also, carrageenan may have interacted with FGF-2, which stimulates adipogenic differentiation of mesenchymal stem cells (Kakudo et al., 2007; Kim et al., 2015; Song et al., 2014) ; after all, a chitosan/ fucoidan hydrogel has been shown to enhance the half-life of FGF-2 (Nakamura et al., 2008) and numerous studies have reported the interaction of www.ecmjournal.org Immunocytochemistry and (b) complementary image intensity analysis revealed that osteopontin expression reached its highest value at day 12 in the −/− MMC-crowded group, whilst it reached its equal highest value at day 6 in the −/+ MMC-crowded group. * indicates statically significant difference. Scale bars: 100 μm.
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Macromolecular crowding in stem cell culture heparin/heparan sulphate with FGF (Kreuger et al., 1999; Kreuger et al., 2001; Turnbull and Gallagher, 1993) . Therefore, the chemistry of the crowding agent is important, as previously shown (Kumar et al., 2015b) . When cells were trypsinised at the end of the pre-condition phase and before the differentiation phase, adipogenic differentiation declined in all MMC groups. This is in agreement with previous studies, showing ECM components to reduce/ inhibit adipogenic differentiation. For example, fibronectin interaction with preadipocyte factor 1 (Pref-1) reduces adipogenic differentiation of 3T3-L1 cells (Wang et al., 2010) . Fish collagen peptides inhibit adipogenic differentiation of 3T3-L cells . A GAG mixture has been shown to inhibit adipogenic differentiation and enhance chondrocyte features (see below discussion in chondrogenic induction) of mouse embryo fibroblasts (Petrov et al., 2015) . Collagen type II-coated plates reduce adipogenic differentiation of BMSCs (Chiu et al., 2012) . Collagen-type-I-coated dishes reduce insulin-mediated phosphorylation of Akt in aortic carboxypeptidase-like-protein-overexpressing 3T3-L1 cells, resulting in reduced adipogenesis (Gusinjac et al., 2011) . Collagen-type-I-coated plates lead to reduced adipogenic differentiation as compared to collagen-type-IV-coated plates in BMSC cultures (John et al., 2002) . Last, but certainly not least, when BMSCs are seeded on native decellularised ECM sheets -derived under MMC conditions -and adipogenically differentiated, they exhibit lower lipid droplet accumulation as compared to cells on tissue culture plastic and cells seeded on adipogenically induced ECM derived under MMC conditions (Ang et al., 2014) . Therefore, this two-step approach is recommended for enhanced adipogenesis.
During chondrogenic induction, MMC significantly increased collagen type I, II, X and sulphated GAG deposition, whilst no difference in Sox-9 expression was detected. Similarly, previous studies have shown medium supplementation with sulphated polysaccharides to induce chondrogenic differentiation of stem cells (Kawamura et al., 2014) and to suppress mineralisation of a chondrogenic cell line, through direct inhibition of alkaline phosphatase, therefore maintaining their phenotype (Kudo et al., 2017) . Enhanced collagen type I and X and decreased collagen type II synthesis are indicative of chondrocyte trans-differentiation and hypertrophy (Descalzi Cancedda et al., 1992; Gu et al., 2014; Kielty et al., 1985; Tekari et al., 2014; von der Mark et al., 1977; von der Mark et al., 1992; Zheng et al., 2003) . However, a far more moderate increase in collagen type II (over 100-fold), than in collagen type I (over 30-fold) and collagen type X (over 8-fold), was observed between day 14 and day 0 in MMC cultures, which may indicate progressive differentiation towards the chondrogenic lineage. Further, by day 14, the cells adopted a rounded morphology with a ring around the nucleus, which is a sign of chondrogenesis (Moghadam et al., 2014) . www.ecmjournal.org www.ecmjournal.org
Macromolecular crowding in stem cell culture Also, in the present study, the longest time point was day 14, whilst previous studies have shown formation of cartilage-like tissue from BMSCs (with or without a scaffold) after 4 weeks in culture (Meinel et al., 2004; Xue et al., 2012) . Sox-9 expression is also of particular importance, as it has been shown to inhibit bone morphogenetic protein 2 (BMP-2)-induced expression of osteopontin, to enhance collagen type II expression in mesenchymal stem cells and chondrocytes (Bell et al., 1997; Lefebvre et al., 1997; Zhao et al., 1997) and to play a pivotal role in chondrogenesis and chondrocyte differentiation (Akiyama et al., 2002; Bi et al., 1999; Ikegami et al., 2011) . Further, forced ectopic Sox-9 expression in vitro (in mouse hypertrophic chondrocytes) and in vivo (in mice) results in downregulation of collagen type X (Leung et al., 2011) , which, although its deposition was enhanced in the presence of MMC, was detected in smaller amounts than collagen type I and II. Also, when dextran sulphate is used in porcine bonemarrow stromal cell cultures, aggregates form which are positive for collagen type II at the centre, whereas collagen type I is present only at the periphery (Noble et al., 1995) . Collectively, it is the authors' opinion that chondrogenic induction may have been enhanced, but longer time points are required to show the safety of this procedure. During osteogenic induction, MMC increased mineralisation, collagen type I deposition and osteopontin [an early marker of osteogenic differentiation (Graneli et al., 2014; Zohar et al., 1998) ] expression in cells that were grown in the absence of MMC during the pre-condition phase and in the presence of MMC during the differentiation phase. Similarly to the present study, fucoidan, a sulphated polysaccharide, has been shown to enhance osteogenic differentiation of human adiposederived stem cells and human amniotic fluid stem cells (Park et al., 2012) . Further, heparan sulphate and dextran sulphate enhance BMP-2 activity, while the desulphated heparin derivatives do not, resulting in osteoblast differentiation and bone formation (Bramono et al., 2012; Takada et al., 2003) . In addition, the osteogenic activity of Wnt3a is stimulated to a larger extent with N-sulphation and to a lesser extent with O-sulphation of heparin via a phosphoinositide 3-kinase/Akt/Runt-related transcription factor 2 (RUNX2) pathway (Ling et al., 2010) . MMC in precondition and differentiation phases led to cell detachment, which was more profound at day 12. It is the authors' opinion that cells in the presence of crowding migrated and resided in the de novo synthesised and deposited ECM, rather than on the tissue culture plate, which resulted in cell/ECM detachment.
Conclusions
The ECM is a dynamic and complex microenvironment, able to influence mesenchymal stem cell differentiation and renewal. While traditional culture systems are not able to mimic ECM-cell interaction, MMC is an in vitro culture technique, based on the biophysical phenomenon of the excluded volume effect, that dramatically enhances and accelerates ECM deposition. The present study assessed the influence of MMC in pre-condition and trilineage differentiation phases of human bone marrow mesenchymal stem cells. Data showed that carrageenan, a sulphated polysaccharide, enhanced chondrogenesis. On the other hand, carrageenan, either due to its sulphated nature or due to enhanced ECM deposition, hindered adipogenesis. Osteogenic differentiation was enhanced when carrageenan was not used in pre-condition medium but, due to cell detachment, it was inconclusive whether carrageenan increased osteogenesis, when it was used in pre-condition medium. Collectively, it is the authors' opinion that carrageenan should be used in BMSC culture when chondrogenic induction is required. With respect to adipogenic (larger extent) and osteogenic (lesser extent) differentiation, it is evidenced that the chemistry of the crowder is important and should be considered in the rational design of cell culture systems.
